Objective: Fatigue contributes to the deterioration or cessation of walking ability in adults with cerebral palsy (CP). However, conflict exists as to its role. Studies involving functional tasks reported increased, and earlier onset of, fatigue in CP whereas laboratory studies have reported individuals with CP to be more fatigue resistant than their peers.
Introduction
One of the most common impairments experienced by adults with cerebral palsy (CP) is fatigue [1] . However, controversy exists in the available information about individuals with CP and the experience of fatigue. For example, recent laboratory studies have shown individuals with CP to be less fatigable than control participants [2, 3] , which is in conflict with reports that fatigue is a chronic and disabling symptom of CP [1] .
Locomotion is not usually a considerable cause of fatigue in the neuromuscular system, but for individuals with CP, fatigue becomes an important factor during ambulation over both short and long distances depending on the severity of the motor impairment and the terrain. Thus, in this context adults with CP experience higher levels of fatigue than the general population [4, 5] and, with chronic pain it is estimated that this combination affects 34% of the population with CP [4] . Indeed, a 7-year follow-up study reported that individuals whose walking ability deteriorated reported increased levels of physical fatigue, but no significant differences existed between a sample with CP and the general population in terms of mental fatigue. These results indicate that the fatigue experienced in CP is mainly of physiological origin [5] , but the factors responsible are unclear. Thus, the purpose of this review is to synthesize information to explain the conflicting nature of fatigue in CP (with a specific focus on spastic CP), and to describe the characteristics of CP as it relates to fatigue during functional tasks of daily living [6] . It should be noted that this is not a systematic review, rather a critical examination to highlight gaps in our understanding to help design future studies towards a better understanding of the important aspects of fatigue in this population. Furthermore, this review also may help evaluate current techniques and therapies, and to develop new methods to alleviate fatigue in individuals with CP.
In this review, fatigue is defined as a reduction in muscle force-generating capacity in the neuromuscular system that occurs during prolonged or ongoing activity [7] . The development and maintenance of a given level of force are dependent on the integration of the entire neuromuscular system, and there are several points in the system that can fail and lead to fatigue, and fatigue may occur at more than one site concurrently [8] . Factors contributing to fatigue will be organized into three sections: central factors, peripheral anatomical factors, and peripheral physiological factors.
Reports of fatigue in CP: The conflict
In a controlled isokinetic protocol, the knee flexors and extensors of individuals with CP were shown to be less fatigable compared to a group without disability. However, torque was normalized to the maximum peak torque and this normalized torque declined less in the individuals with CP than in the comparison group [2] . Additionally, individuals who were the least severely affected (as measured by the Gross Motor Function Classification System [9] (GMFCS)) and considered to have higher functional ability had greater rates of decline in their normalized peak force for the knee extensors [2] . One other study demonstrated a significant difference in the decline of normalized peak force after an electrically elicited fatiguing protocol. Children with CP experienced a 42% decline in normalized peak quadriceps femoris force compared to the decline of 52% in the control group [3] . In both of these studies, absolute maximum torque was between 50 to 73% less in individuals with CP, compared to controls, and thus normalization for comparison between groups could be misleading. As a result of this lower overall strength compared to their peers without a disability [3] normalizing the force reduction that occurs with fatigue to the child's own maximal force capacity removes the functional practicality from the situation. Thus, although children with CP have reduced fatigue compared to non-disabled peers, only part of the picture of fatigue is being recognized in this population. Despite that individuals with CP appear to fatigue less than their non-disabled peers, the measurement of fatigue in the laboratory (i.e. using dynamometry of isolated muscles instead of functional tasks) does not reflect the chronicity of the problem. It is also possible for individuals with CP to have greater resistance to fatigue in the laboratory than the general population but still experience a greater subjective feeling of fatigue, and a greater impact of fatigue on activity, as a result of the inefficient mechanics associated with gait in CP [2] . Therefore, studies comparing fatigue data between individuals with CP and their peers developing typically are confounded by several factors. Specifically, normalization to peak torque can be misleading without also including a comparison in absolute terms (i.e. the use of whole body weight). The normalized data from laboratory studies also may be affected by factors such as co-contraction and variability in the most effective order of activating muscles; both of which have been demonstrated in individuals with CP, but not in peers without CP, causing comparisons between the two groups to be misleading.
A study by Leunkeu and colleagues [10] demonstrated increased fatigue in individuals with hemiplegic CP compared to controls by assessing the decline in the slope of the median frequency of a surface electromyography recording of the vastus lateralis and rectus femoris muscles. In this study, participants with CP required higher levels of motor unit recruitment along with lower median frequency compared to control participants. This indicated increased skeletal muscle fatigue that has been linked to abnormal muscle function [10] . The authors used a measure of muscle activity to observe the effects of the contraction without relying on an inference from a decline in force production to demonstrate increased fatigue in a sample with CP [10] . These results further highlight the need for caution when using force normalization techniques that can lead to inaccurate conclusions of fatigue resistance in CP. Measures of muscle activity from EMG therefore may be a useful adjunct to measures of force to provide a more complete or accurate description of fatigue.
Further, it is troubling that those individuals who are already weaker than their peers are still experiencing a large reduction in muscle force during fatiguing tasks. This reduction in force has the potential to have a great impact on the capacity to continue performing activity and thus becomes a larger drain on the force reserve needed for continuing activity in individuals with CP compared to their peers. A decline of 42% of their peak torque producing capability with fatigue may have more of an impact on their ability to continue performing daily activities due to a reduced maximal absolute force generating capacity and higher energy expenditure demands. Individuals with CP have weakness that may be due to a variety of factors (discussed in the peripheral factors section), and the demands of walking require a greater percentage of the force generation capacity of the muscle [2] and of the individuals' maximal oxygen consumption for individuals with CP [11] . The increased demands on the muscle relative to its reduced overall capacity are reflected in reports of chronic fatigue in this population. In addition, several studies have documented an increased co-activation/co-contraction of agonist and antagonist muscles around the same joint in individuals with CP [3, 12, 13] . Small amounts of co-activation are normal; however, too much co-activation increases energy expenditure and as a result could lead to a faster rate of fatigue in both agonists and antagonists [12, 14] . It should be noted that one laboratory study has demonstrated higher hamstring co-contraction, spasticity and reduced hamstring strength to be predictive of fatigue resistance in the hamstring muscles [15] . Additionally, higher quadriceps cocontraction and lower quadriceps strength were predictive of fatigue resistance in the quadriceps muscles [15] . The authors suggest that this relationship may be a result of the muscle adapting to disordered neural inputs; that is, constant co-contraction with movement may act as a training stimulus [15] . It is unknown how this process may translate to functional tasks such as walking, but it should be explored further.
It is possible that during functional activities of daily living, such as walking over long distances, individuals with CP experience a decline in force production greater than that demonstrated in an isolated laboratory setting. Functional tasks require individuals to manage and negotiate their entire body weight, which stresses the neuromuscular system in a different manner than has previously been studied. In addition, recovery from fatigue has not been studied in a population with CP, and important differences may exist between individuals with CP and their non-disabled peers in recovery rate or time that may help explain the conflicting reports of fatigue in this population.
Central sites
The neural factors contributing to fatigue have not been studied extensively in CP, but some studies have indicated disorder in and damage to the corticospinal projections to the lower motor neurons in individuals with CP [16] [17] [18] . Mechanisms of reciprocal excitation of antagonists in CP that contribute to co-activation of muscles around a joint have been proposed in a comprehensive review by Cheney [16] . The first mechanism suggests corticospinal disorganization or abnormal synaptic organization, in which corticospinal neurons co-facilitate the motoneurons of both flexor and extensor muscles around a joint (either monosynaptically or through interneurons) [16] . A second mechanism could be the result of abnormal synaptic organization at the spinal level, where spindle afferents from agonists excite both the agonist and antagonist muscles around a joint [16] . Cheney [16] also described evidence from reflex studies demonstrating a reduction of presynaptic inhibitions acting on muscle spindle afferents as a contributing factor to spasticity in CP [16] . In addition, Heinen et al. [19] demonstrated a lack of inhibitory control in the motor cortex of adolescents with CP. The inability or loss of descending inhibition to antagonist or synergist muscles may contribute to reduced synchronization of motor unit firing and potentially contribute to observed muscle weakness and increased co-contraction in CP [19] .
Evidence of corticospinal disorganization was shown by reduced synchronization of motor units in the tibialis anterior (TA) of individuals with CP, hypothesized to be due to a decrease in cortico-motorneuronal connections [17] . Others [18] have inferred abnormal development of projections from the motor cortex to spinal motoneurons that contribute to abnormal patterns of muscle activation in CP. This is manifested as the loss of specificity of the projections from the motor cortex to the motoneuron pools of the lower limb muscles and was demonstrated by similar activation of the TA and the soleus muscles in individuals with CP as a result of magnetic stimulation intended to produce activation of the TA only [18] .
Other evidence of corticospinal tract damage demonstrated that children with CP do not show the tonic suppression of H-reflexes during the stance phase in gait observed in children developing typically [20] . The suppression of the H-reflex happens as the corticospinal tract matures, and it has been hypothesized that the immature pattern persists in children with CP due to corticospinal tract damage [20] . In a laboratory setting, individuals with CP may appear less fatigable than the general population as a result of the inability of the descending tracts to fully transmit the signal to the muscles needed to produce a maximal contraction. However, functionally, a decreased efficiency of the descending signal from the motor cortex through damaged or abnormal projections to agonist and antagonist muscles around a joint can also lead to increased co-activation and increased energy expenditure, a potential cause of fatigue in individuals with CP [12] , as discussed above.
In a study of activation and recruitment of motor units in individuals with CP, Stackhouse et al. [3] demonstrated significantly lower voluntary muscle activation ratios and lower force production for children with CP compared to controls, and therefore less muscle fatigue because the muscle was insufficiently activated, this information is summarized in Table I . Rose et al. [17] demonstrated that maximal M-wave amplitudes were similar between a group with CP and a control group, suggesting that the total numbers of available motor units were not different [17] although maximum voluntary contraction (MVC) torque was less in the group with CP for both the TA and gastrocnemius muscles. Additionally, the surface EMG amplitudes during MVC and, therefore, the levels of neuromuscular activation (NMA) during MVC were significantly smaller in the group with CP. A decrease in NMA with the unaltered M-wave reflects the inability to fully activate all available motor units to sustain the required level of torque.
Elder et al. [21] demonstrated lower mean amplitude of EMG activity from both the plantar flexors (50% lower) and dorsiflexors (40% lower) of children with CP. The reduction in mean amplitude is also thought to reflect incomplete muscle activation either through an inability to activate available motor units or due to the inability to recruit higher threshold motor units [17, 21] . Rose et al. [17] demonstrated an intact relationship between recruitment and firing rate modulation at low to moderate levels of contraction evidenced by increased firing rates and recruitment with increasing voluntary activation of the muscles for both a group with CP and those without. However, the submaximal contractions required more voluntary effort for participants with CP as reflected by the highest target NMA levels corresponding to about 50% of the MVC NMA levels for individuals with CP and approximately 20% of the MVC NMA levels for the controls [17] . A person with CP can produce an equivalent contraction in terms of recruitment and firing rates as a control, but may require full voluntary effort compared to a submaximal effort for the control. Controls can then increase contraction strength by increasing firing rate or recruitment while the person with CP cannot [17] and theoretically, those with CP would experience more fatigue. Rose et al. [17] also calculated a projected maximal firing rate for the TA and gastrocnemius for both groups ( Table I ) to suggest that maximal firing rates in individuals with CP are reduced by approximately 50% compared to controls, potentially due to impairment of, or a decrease in, the number of cortico-motoneuronal connections [17] , which may be a contributing factor in reports that children with CP are less fatigable than their peers.
[Insert Table I about here] Skeletal muscles are normally electrically silent when there is no movement [22] .
Robertson et al. [22] showed individuals with CP had difficulty in achieving electrical silence after performing a contraction of the TA, and thus required more trials to learn to silence the muscle after activity. Individuals with CP also had difficulty silencing a single motor unit after achieving activation. This demonstrates an inability to inhibit the TA muscle at both the motor unit and gross motor level [22] . The delayed ability to silence motor units after activity may contribute to the co-activation around a joint during reciprocal movements. In the example of gait, the different phases require activation and inhibition of different muscles in a short span of time. Inability to silence motor units after activation during this task could contribute to increased energy expenditure reported in individuals with CP.
Overall it seems that although children with CP may be performing at or near maximal effort, there is also the possibility that not all of their motor units can be activated as a result of impaired motor pathways [17] . It has also been hypothesized that in the case of incomplete activation, type I fibers are preferentially recruited (or there is an inability to recruit higher threshold motor units) [17, 21] at lower firing rates, which may contribute to the observed greater fatigue resistance evidenced in the CP population in laboratory settings using normalized comparisons [2] . However, incomplete activation can result in individuals with CP using more effort to produce a contraction and maintain movement which could result in increased, or early onset of, fatigue.
Peripheral sites -Anatomical features
There is limited information regarding the structure and function of the sites in the peripheral neuromuscular system that directly relate to fatigue in individuals with CP.
The neuromuscular junction is the link between the central and peripheral aspects of the neuromuscular system. Some research has suggested that individuals with CP have extrajunctional acetylcholine receptors and other structural differences that can affect the depolarization and re-polarization of the muscle membrane following a signal from the descending motor pathways [23, 24] . A relationship has been demonstrated between increased severity of impairment in motor function and increased abnormality of the neuromuscular junction [23] . The implications of these differences are not fully understood, and increased fatigue during functional tasks in individuals with more severe motor impairments may be a result of decreased function of the neuromuscular junction in communicating the signal from the descending motor pathway.
Reports on muscle size and the resulting strength of individuals with CP has produced conflicting results and hypotheses related to fatigue in CP. Some authors attribute the lower mean torque values (and less relative fatigue) observed in individuals with CP to differences in muscle size because greater strength or muscle mass may contribute to higher levels of fatigue. Leg volumes, cross-sectional area, muscle thickness, fascicle length and pennation angle all have been shown to be reduced in people with CP [21, 25] a summary can be found in Table II . Thus because smaller muscles generate less force and less force creates less fatigue, these features have the potential to contribute to the observed increased fatigue resistance in the laboratory testing of individuals with CP. It is not clear whether these observed anatomical changes are secondary to the damage in the central nervous system or a tertiary condition as a result of decreased activity.
[Insert Table II about here] An alternative hypothesis suggests that weakness as a result of lower muscle mass can increase levels of fatigue as a result of the need to recruit more motor units to achieve a given force level and due to a greater frequency of excitation required to perform a given task at an absolute force requirement [26] . This is supported by reports of relatively more fatigue during functional tasks, such as ambulation, and warrants further investigation using test parameters that are not confounded by differences in skeletal muscle function. Reports that individuals with CP are more functionally fatigable may be related to a lower force-generating capacity that can lead to a lower force reserve in order to maintain constant activity as discussed earlier [3] . Similar to older adults, activities of daily living require individuals with CP to use a greater percentage of their maximal strength. Literature on aging has suggested that the rate of recovery from fatigue may also be impaired following these tasks, but this has not been tested in CP [27] .
A potential contributor to the fatigue resistance observed in laboratory studies of individuals with CP may be a predominance of a specific fiber type [2] . Indeed the few available reports indicate evidence of increased area of type I muscle fibers, or atrophy of type II fibers in CP [28] [29] [30] . Muscle biopsies provide evidence of variability in fiber size with reduced diameters of type I and II fibers, that is significantly more frequent in individuals with CP over 10 years of age, but no evidence of degeneration [28] [29] [30] .
Greater variation in fiber size was detected in the more severely affected side; indicating that the severity of CP may be a contributing factor to alterations in muscle composition [28] . In addition, studies have shown varying degrees of disorganization or disorientation of myofibrils in individuals with CP [29, 30] . Together these reports indicate that changes in the motor cortex and the descending pathways influence the organization of motor units at the spinal level. A predominance of fatigue resistant muscle fibers in CP may explain the observation of reduced fatigue during laboratory testing, such that the muscle fiber composition is different between individuals with CP and their peers. This supports the concern about comparisons that are based only on normalized peak force rather than on absolute capacity. The disorganization of the myofibrils could also impair excitationcontraction coupling, further reducing the strength of each muscle contraction. A predominance of type I fibers could contribute to decreased strength in individuals with CP; having the potential to increase their fatigue during functional tasks requiring high forces or prolonged activity.
Peripheral sites -Physiological features
Sufficient blood flow is essential to maintain muscle force production in terms of oxygen delivery and removal of metabolic by-products created during contractions. Some have suggested that spastic muscles do not properly support venous return as a result of increased muscle tone associated with CP, resulting in inhibited muscle lactate and metabolite clearance during activity [31, 32] . Decreased clearance of metabolic byproducts may contribute to lower maximal oxygen consumption and increased or earlier onset of fatigue in individuals with CP.
Many studies have documented increased energy expenditure in individuals with CP compared to their peers without disabilities, a summary can be found in Table III [11, 12, [33] [34] [35] [36] [37] . Youth with CP have higher energy expenditure during locomotion than their peers at similar speeds, and the rate of energy expenditure increases as children with CP age [33] . An increase in body weight and size as a child matures increases the demand for energy during locomotion and other activities, and requires greater physical exertion [33] .
During gait, adolescents with CP work at a higher percentage of their maximal oxygen consumption compared to the youth developing typically (one study reported values of 53.5% and 22.5% respectively) [12] . Children with CP are both working at a higher percentage of their maximal aerobic power, and working harder than their peers at a given speed (or submaximal load). This may cause them to fatigue more easily during prolonged exercise [11, 37] . Interestingly, at a given submaximal level there appears to be no differences in the respiratory exchange ratio between individuals with CP and their peers without disabilities [37] . This indicates similar cardiorespiratory responses to submaximal exercise in both groups demonstrating that the cardiorespiratory response is not a contributing factor to fatigue in CP [37] . The type and severity of CP can also influence the energy expenditure during walking. Van den Hecke et al., [38] investigated energy cost in individuals with hemiplegic CP and determined that the increase in energy cost of ambulation was due to an increased mechanical work and that the efficiency of work was similar between individuals with CP and controls when walking at the same speed [38] .
[Insert Table III about here]
Summary and future directions
Controversy exists as to which factors contribute to fatigue in individuals with CP compared to peers without disability, largely dependent on how fatigue is defined and measured. Figure 1 is a graphic summary of the factors that may explain the resistance to fatigue demonstrated in isolated laboratory studies compared with the factors that may contribute to increased fatigue during functional tasks. It appears that in laboratory settings when strength is normalized, individuals with CP fatigue less than their nondisabled peers; however, comparing fatigue in an isolated manner instead of using a functional task that depends on an absolute load (i.e. body weight) does not reflect the chronicity or impact of fatigue for individuals with CP and can be confounded by several structural and functional differences in the muscles of individuals with CP. Laboratory studies are useful to understand specific sites of differences or potential limitations in the neuromuscular system of individuals with CP, but therapists must recognize how to interpret these findings for functional tasks that require a certain level of absolute ability to be performed successfully.
[Insert Figure 1 about here] It is clear from this critical review that neuromuscular fatigue is an important challenge of individuals with CP, but there is little consensus regarding the underlying mechanisms, and the functional impact. Part of this limitation is due to the few research studies and inconsistencies among these studies in how fatigue is defined and compared.
Thus, one important direction is to understand the process of fatigue in individuals with CP, with a focus on functional tasks as they relate especially to locomotion and the use of absolute loads such as body weight. Specifically, a better understanding of the rate of the development and recovery from fatigue is also needed as this may help elucidate important factors underlying the chronic experience of fatigue in CP. Also studies designed to assess the fatigability of individuals with CP compared to a control population, need to account for differences in absolute strength and altered muscle function potentially highlighting the effect of a lower force reserve. Finally, it should be noted that the levels of fatigue experienced by individuals with CP may be related to the severity of the disability as measured by the GMFCS, therefore, fatigue should be examined across all GMFCS levels, and potentially, each level independently. 
